Introduction
Peatlands are widespread in boreal and subarctic regions of the Northern Hemisphere. Over the Holocene, these ecosystems have accumulated large amounts of organic carbon (C) because of a positive balance between production and decomposition of organic matter (OM) under waterlogged and nutrient-poor conditions. Globally, northern peatlands store ~436 Gt C (Loisel et al., 2014) , which corresponds to about one-third of present-day global soil C (Gorham, 1991) . In Canada, peatlands cover about 12% of the land area (~1.1 million km 2 ) and store ~147 Gt C (Tarnocai, 2006) . Peatlands are abundant in the Hudson Bay Lowlands and James Bay Lowlands and the eastern Atlantic regions, but there are large uncertainties in regional estimates of peat-C stocks in these regions (Yu, 2012) .
At the continental scale, climate is a major factor controlling long-term C accumulation in northern peatlands (Loisel et al., 2014; Yu et al., 2009 ). Net C sequestration in peatlands is influenced by precipitation and temperature regime (Malmer et al., 2005) , which affects both net primary production (NPP) and aerobic decay in upper peat layers (acrotelm). This climatic influence is reflected in a south-north trend of decreasing long-term C accumulation rates (CARs) correlated with decreasing mean annual temperature , mean growing degreedays (Clymo et al., 1998) and mean summer temperature . In northern peatlands, highest long-term rates of C accumulation occur in regions with intermediate mean annual temperature (0−2.5°C) and mean annual precipitation (450−550 mm) (Yu et al., 2009) . However, at the regional scale, long-term peatland C sequestration is also influenced by sitespecific geomorphic factors such as basin topography (Korhola et al., 1996; Van Bellen et al., 2011a) and by differences in the age of peat deposits (Turunen et al., 2002) .
In northern peatlands, centennial to millennial changes in C sequestration occurred during the Neoglacial cooling, the 'Medieval Climate Anomaly' (MCA) and the 'Little Ice Age' (LIA) and most likely reflect changes in primary productivity during the growing season Garneau et al., 2014; Loisel et al., 2014) . The temporal variations in peatland C sequestration may result from shifts in vegetation and surface wetness which are driven by a combination of internal (autogenic) processes and climate changes (Belyea and Malmer, 2004; Loisel and Garneau, 2010; Van Bellen et al., 2011b) . Further data on long-term C accumulation are needed from various peatland types under a wider range of climatic and geomorphic contexts to improve understanding of the factors controlling peat-C sequestration.
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The Holocene
In eastern Canada, previous studies on Holocene C dynamics mainly focussed on continental ombrotrophic peatlands from temperate regions within the St. Lawrence Lowlands (Muller et al., 2003; Roulet et al., 2007) and boreal and subarctic regions in northwestern Québec (Lamarre et al., 2012; Loisel and Garneau, 2010; Van Bellen et al., 2011a , 2011b and northeastern Ontario (Bunbury et al., 2012; Charman et al., 1994) . Ombrotrophic peatlands (bogs) are widespread on the postglacial deltaic formations along the St. Lawrence North Shore in eastern Canada. The long-term C dynamics of these bogs are unknown in spite of their significance in terms of biodiversity and water storage (Glaser and Janssens, 1986) . It is important to understand the factors that controlled long-term C accumulation in these ecosystems in order to predict their response to ongoing and future climate change.
In the present study, we evaluate Holocene C dynamics in the maritime bogs along the St. Lawrence North Shore. The main objectives are to (1) compare long-term rates of C accumulation between peatlands of two maritime ecoclimatic regions from the boreal (Baie-Comeau) and the subarctic (Havre-St-Pierre) and (2) to evaluate the role of internal dynamics and external climatic influences on the temporal variations of C sequestration in these peatlands. We hypothesise that the bogs of Havre-St-Pierre have been less efficient long-term C sinks because of their biogeographic position at the climatic limit of peat bogs distribution in eastern North America (Glaser and Janssens, 1986) .
Study area and sites
Our sites are located on two postglacial deltas along the St Lawrence Estuary and the Gulf of St Lawrence (Figure 1 ). Three peatlands were selected from the Manicouagan delta near Baie-Comeau (Lebel, Baie, Manic). Because of the larger area of the La Romaine delta peatland complex near Havre-St-Pierre, five sites were studied in this sector (Plaine, Romaine, Romaine-C, Morts, Morts-Sud) to improve the representativeness of longterm C sequestration data. In each region, we selected peatlands of different ages within two edaphic conditions, based on published data from these sites , in order to evaluate the influence of these factors on long-term C sequestration. At the higher elevation sites (>14 m.a.s.l.), peatlands cover sandy deltaic terraces that emerged after the withdrawal of the Goldthwait Sea from ~8 kyr BP. Peatlands at lower elevations (<14 m.a.s.l.) developed over silt-clay deposits associated to a mid-Holocene marine transgression that ended around 4.3 kyr BP (Bernatchez, 2003; . The two study regions are characterised by different ecological and climatic conditions associated with two dominant peatland types. The peatland morphology changes gradually across a southwest-to-northeast climatic gradient from the Estuary to the Gulf of St. Lawrence (Glaser and Janssens, 1986) . In the BaieComeau area, the bogs have a slightly domed surface colonised by dense krummholz of black spruce (Picea mariana (Mill.) B.S.P.). Their morphology is similar to those of temperate peatlands within the St Lawrence Lowlands. In the Havre-St-Pierre region, peatlands are predominantly treeless plateau bogs similar to those of oceanic coastal regions in Newfoundland (Payette and Rochefort, 2001) .
Climatic data indicate that growing seasons are on average longer in Baie-Comeau than in Havre-St-Pierre with number of growing degree-days above 0°C of ~1924 and ~1779, respectively (climate normals 1971 -2003 Hutchinson et al., 2009) . Mean annual precipitation is similar in both regions (~1000 mm), and mean annual temperature is slightly higher in Baie-Comeau (1.5°C) than in the Havre-St-Pierre region (1.1°C) (climate normals 1971 -2000 Environment Canada, 2013) . However, the available climate data are not reflecting accurately the past regional difference in temperature given that recent warming has been more important in Havre-St-Pierre than in Baie-Comeau (Hutchinson et al., 2009) .
The coastal ecosystems along the Gulf of St Lawrence are affected by the cold Labrador Current combined with the effect of high wind exposure. In the landscape, this oceanic influence is reflected by an opening of the regional forest cover between the Estuary and the Gulf of St. Lawrence. The Baie-Comeau region belongs to the closed boreal forest dominated by balsam fir (Abies balsamea (L.) Mill.) and white birch (Betula papyrifera Marsh.). Havre-St-Pierre is located at the ecotonal limit of boreal and subarctic forests where black spruce is the dominant tree species (Payette and Rochefort, 2001 ).
Methods
Field sampling
The sites were selected from aerial photographs according to their representativeness of regional peat-forming systems. In order to limit potential topographic influences on long-term peat-C accumulation (Belyea and Baird, 2006; Van Bellen et al., 2011a) , we selected sites with relatively homogenous mineral basins, where lateral peatland development is not strongly confined. At each site, peat thickness was measured along a series of transects evenly distributed throughout the peatland. Peat cores were taken from Sphagnum-dominated lawns in the central and deepest section of each bog. Peat cores were retrieved using a Russian corer (diameter: 7.5 cm; Jowsey, 1966) . The uppermost 100 cm of the peat sequences was sampled with a Box corer (110 cm × 8 cm× 8 cm; Jeglum et al., 1992) . Sediments were wrapped with cellophane, placed in PVC tubes and stored at 4°C until analysis.
Radiocarbon dating and chronology
A total of 53 samples of Sphagnum mosses and vascular plant remains were submitted to Keck Carbon Cycle Laboratory (University of California, Irvine) for AMS radiocarbon ( 14 C) dating (Table 1) . Basal dates were obtained for the eight peat cores, and further dating was conducted on the main stratigraphic transitions in a subset of six peat cores (three from each region). For these peat cores, age-depth models were developed using CLAM version 1.0.2 (Blaauw, 2010) by applying linear interpolation between each 14 C date and attributing an age of −60 cal. yr BP (i.e. year of coring: ad 2010) to the peatland surface (Supplementary Figure S1 , available online). Linear interpolation allows the inclusion of all 14 C dates without producing age reversals. This model assumes that changes in peat CARs occur at the dated peat horizon which is realistic when dates are conducted at the level of stratigraphic change. All dates are expressed in calendar years before present (BP: before ad 1950) and rounded to the nearest decade.
OM and C content
Peat lithological properties were analysed on contiguous samples (interval: 1 cm; volume: 3 cm 3 ). Dry bulk densities (g/cm 3 ) were determined after overnight drying and the OM contents (ash-free bulk densities) were evaluated with loss-on-ignition (LOI) at 550°C for 3 h (Dean, 1974) . C concentration was estimated at 50% of the OM content, which is consistent with previous estimates for peat (e.g. Charman et al., 2013; Turunen et al., 2002) .
Calculation of the rates of C accumulation
First, average long-term apparent rates of C accumulation (LORCA; g C/m 2 /yr) were calculated for the eight peat cores by dividing the total mass of C accumulated by the basal peat age (Turunen et al., 2002) . Second, the temporal variations in CAR were calculated for the subset of six peat cores for which age-depth models were developed. CAR were calculated by dividing the C mass in every 1-cm-thick peat layer by the deposition time (yr/cm) and are reported on an area basis (1 m 2 ). To minimise the confounding influence of peat age on C sequestration Clymo et al., 1998) , the mass of C accumulated was also calculated for the same defined periods since 2000 and 1000 cal. yr BP for the six main peat cores. These dates were estimated by linear interpolation between two adjacent 14 C-dated levels.
Peat humification, peat composition and water table depth records
The internal processes controlling the temporal variations in C sequestration were evaluated for two peat cores (Plaine, HSP and Lebel, BC) selected for their longest record of Sphagnum ombrotrophic peat. These cores had additional data on past water table depths (WTDs) based on testate amoebae analyses and peat composition from plant macrofossil analyses . Peat humification analyses were also conducted to investigate the temporal variations in the production/decay balance. Analyses were conducted at 1-cm interval using the colorimetric method (Chambers et al., 2010) . Samples (0.2 mg) were boiled in a solution of sodium hydroxide (NaOH 8%) for 1 h, filtered through Whatman Qualitative 1 filter paper and diluted. Readings on the extracted alkali were performed with a Thermo Spectronic Unicam spectrophotometer using a wavelength of 540 nm and recorded as percentage of light-transmission (%LT). Values were averaged from two or three replicates of each sample. Humification data were corrected to take into account the mineral content based on the LOI values (Chambers et al., 2010; Payne and Blackford, 2008) using the formula LT c = LT r /(1/LOI), where LT c is the corrected LT, LT r is the raw LT value (%) and LOI is expressed as a proportion. The LT record was linearly detrended to remove the effect of continuing anoxic decay, and data were smoothed with a LOWESS (2% smoothing factor) using Kaleidagraph 3.6.
Results
LORCA
LORCA vary considerably between the eight peatlands, ranging from 16.0 g C/m 2 /yr at Romaine in Havre-St-Pierre to 67.8 g C/m 2 / yr at Manic in Baie-Comeau (Figure 2 ; Table 2 ). LORCA are 4
The Holocene considerably higher in the three peatlands of Baie-Comeau. The total mass of C accumulated in these bogs is roughly twice that of the Havre-St-Pierre sites. Data show a negative relationship between LORCA and basal peat age with highest values in the youngest peat deposits over marine silt-clay and lowest values in the oldest peatlands over deltaic sands (Figure 2 ).
Long-term pattern of peatland C sequestration
In the six main peat cores, the C mass versus basal age relationships are either close to linear or convex (Figure 3) . The patterns of C sequestration over time differ clearly between the two study regions. The C sequestration was particularly rapid following peat inception in Baie-Comeau, especially in the two peatlands that developed over silt-clay deposits. In Baie and Manic, about 40-50% of the total C mass was accumulated during the first 1000 years following peat inception.
Net C sequestration since 2000 and 1000 cal. BP
The regional differences in C sequestration are important towards the late Holocene (Figure 3 ). Since 2000 cal. BP, the mass of C accumulated in the bogs over deltaic sands is substantially lower at Plaine and Romaine (~35 kg C/m 2 ) in Havre-St-Pierre than at Lebel (113.5 kg C/m 2 ) in Baie-Comeau (Figure 4) . However, the net C sequestration at Morts (HSP) after 2000 cal. BP (75.5 kg C/ m 2 ) is relatively close to the lowest value recorded in BaieComeau (89.5 kg C/m 2 ; Baie). Since 1000 cal. BP, the C sequestration is much lower in the three sites of Havre-St-Pierre (27.4-60.6 kg C/m 2 ) compared with those of Baie-Comeau (108.8-133 kg C/m 2 ).
Temporal variations in CAR
Data show high variations in CAR in the bogs of Havre-St-Pierre which contrast with the more gradual changes in the Baie-Comeau sites ( Figure 5 ). During the early peatland stages, CAR range from 82 to 188 g C/m 2 /yr in Baie-Comeau and from 15 to 48 g C/m 2 /yr in Havre-St-Pierre. The temporal variations in C accumulation diverge noticeably from site to site even within each region ( Figure 5 ). The particularly high CAR in the recent peat layers of some cores correspond to the acrotelm in which peat has been less affected by decomposition.
Interaction between C accumulation, peat humification and WTDs
The comparison of C accumulation with variations in WTD and peat humification within the bog stage at Plaine (HSP) and Lebel (BC) is presented in Figure 5 . The ombrotrophic sections of these two peat cores are largely dominated by Sphagnum mosses. At Plaine, CAR were highly variable and relatively low (mean CAR = 26.8 g C/m 2 /yr). The main changes in C sequestration coincide with shifts in both WTD and peat humification ( Figure  6 ). The highest CAR (mean = 40.8 g C/m 2 /yr) around 4650-4300 cal. BP coincide with relatively low WTDs (~15-30 cm). This is followed by a period of particularly low C accumulation (12.5 g C/m 2 /yr) from 4300 to 2900 cal. BP under wet conditions (near-surface WTD). A water table drawdown and high peat humification between 2800 and 2200 cal. BP correspond to faster C accumulation (mean CAR = 28.6 g C/m 2 /yr). After 1200 cal. BP, the low CAR (<15 g C/m 2 /yr) coincide with low peat humification and a gradual rise in WTD. At Lebel, relatively stable and high CAR (mean = 65.9 g C/m 2 / yr) were associated with a persistence of relatively wet surface conditions over the bog development. Prior to 5250 cal. BP, high CAR (mean = 83.6 g C/m 2 /yr) and minimal peat humification are related with a gradual rise in WTD from ~25 to ~7 cm during the early bog development. Over the last 4600 years, C accumulation was particularly stable, although some noticeable changes in peat humification are recorded. The particularly high CAR (>150 g C/m 2 /yr) and low humification in recent peat layers (<200 cal. BP) correspond to the acrotelm.
Discussion
Our study shows important differences in long-term C accumulation between the eight studied peatlands (Figure 3) . The LORCA recorded from the three peatlands over deltaic sands in Havre-StPierre (16−29.3 g C/m 2 /yr) are similar to mean values published from temperate and boreal regions of eastern Canada (19 g C/m 2 / yr; Turunen et al., 2004) , continental North America (29 g C/m 2 / yr; Gorham, 1991) and global estimates from northern peatlands (23 g C/m 2 /yr; Loisel et al., 2014) . The LORCA recorded in the peatlands of Baie-Comeau (52.8−67.8 g C/m 2 /yr) are among the highest reported from northern boreal regions (Loisel et al., 2014; Yu et al., 2009 ).
The differences in LORCA within each region are mainly related to the age of the peat deposits (Figure 2 ) and most likely reflect a constant C loss through anoxic decay (Clymo et al., 1998) . The influence of basal sediment type on long-term C LORCA: long-term apparent rates of C accumulation.
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The Holocene sequestration is difficult to establish because the peat deposits over silt-clay are much younger and thus considerably less affected by anoxic decay (Figure 2 ). These results show that it can be misleading to compare LORCA between peatlands with substantially different basal ages. Further research would be needed to evaluate how the underlying sediment and basin topography have influenced the long-term C dynamics at the scale of the peatland ecosystems. The temporal inconsistencies in C sequestration dynamics between the peatlands of each region ( Figure 5 ) suggest an influence of site-specific internal processes. Our data show complex interactions and potential feedbacks between peat-C accumulation and surface hydrology ( Figure 6 ) in line with conceptual models (Belyea and Clymo, 2001; Belyea and Malmer, 2004) . The high C accumulation under dry conditions observed in some sections of Plaine and Lebel bogs seems contradictory and suggests that the rise of the bog surface outpaced the rise of the water table as suggested by the study of Swindles et al. (2012) . Conversely, some slowdown in peat-C accumulation in both records seems responsible for an apparent rise in water table relative to the surface. In Plaine bog, the combination of high peat humification and rapid C sequestration under drier conditions from 2800 to 2200 cal. BP suggests that decomposition have been offset by high primary production. Overall, the changes in peat composition were not linked with important changes in C sequestration rates as both peat cores were largely dominated by Sphagnum mosses.
Although our results show that the temporal variations in C sequestration were influenced by internal peatland dynamics, the regional contrast in C sequestration (Figures 2-4) suggests that climate has exerted a pervasive influence on the net C balance of these bogs. Overall, the higher LORCA in Baie-Comeau likely resulted from high primary production associated with longer and milder summers and positive atmospheric moisture balance . In contrast, the plant productivity in the bogs of Havre-St-Pierre has likely been restricted by shorter and possibly colder growing seasons. Along the Gulf of St Lawrence, the treeless bog surfaces are affected by high wind exposure and cold winter conditions that certainly impacted on surface wetness, plant productivity and peat decomposition.
The stable and high CAR in Lebel bog (BC) was promoted by a persistence of stable near-surface water tables. In contrast, Plaine bog (HSP) has experienced important fluctuations of WTD and CAR (Figure 6 ). These results support the idea that past hydroclimatic conditions were more propitious to peat-C accumulation in the Baie-Comeau region. Overall, our data suggest that the production/decay balance was more easily disrupted in the bogs of Havre-St-Pierre ( Figure 5 ). The sensitivity of these ecosystems could be explained by their position at the boreal-subarctic ecotone and the geographic range limit of ombrotrophic peatlands (Glaser and Janssens, 1986) .
The gradual slowdown in apparent rates of C accumulation over time (Figure 3 ) has also been observed in many northern peatlands (Kuhry and Vitt, 1996; Mäkilä et al., 2001; Turunen and Turunen, 2003; Van Bellen et al., 2011a , 2011b Yu, 2006) and contrasts with the theoretical model of Clymo et al. (1998) . Based on the water table records (Figure 6 ), the decline in C accumulation in our study cannot be simply attributed to surface drying related to autogenic development (sensu Yu et al., 2003) . We then conclude that C sequestration was affected by a combination of vertical growth and climate cooling during the late-Holocene. 
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The net C sequestration recorded since 2000 cal. BP in the two bogs over deltaic sands in Havre-St-Pierre is particularly low (Figure 4) . These values are similar to those recorded for the same period in peatlands under much colder climate across Russia's West Siberian Lowland (mean = 34 kg C/m 2 ; Beilman et al., 2009 ). This suggests that the primary production in the bogs of Havre-St-Pierre was affected by a climate cooling related with shorter growing seasons. The higher C sequestration after 2000 cal. BP in Morts bog (HSP) may be because of site-specific conditions more propitious to peat growth as this peatland is surrounded by dense forest stands and is more protected from wind exposure. The snow cover through its insulating effect at the bog surface may have been an important control over C sequestration in these coastal environments. However, the impact of winter conditions on peat production and decomposition is poorly documented and needs to be further investigated. The significant regional difference in C sequestration after 1000 cal. BP (Figure 4) suggests a contrasted response of peatland ecosystems to climate. In eastern Canada, a major cooling event referred to as the LIA was documented after 500 cal. BP by permafrost development in some bogs of the Lower North Shore (Dionne and Richard, 2006) and opening of the forest cover in the Labrador plateau (Payette, 2007) . During this cold event, it is possible that C accumulation in the bogs of Havre-StPierre was affected by decadal persistence of frozen peat layers as proposed by Van Bellen et al. (2011b) for some bogs in the James Bay lowlands. The impact of the LIA cooling on peatland C dynamics remains largely unknown along the St. Lawrence North Shore. Further high-resolution analyses are undergoing within upper peat layers of these bogs to document the C dynamics in relation with climate change over the past millennium (Sanderson et al., 2013) .
Conclusion
This study contributes to a better understanding of the factors controlling long-term C sequestration in northern maritime bogs. The peatlands of Baie-Comeau and Havre-St-Pierre show distinct C dynamics with apparently different sensitivities to climate change over the Holocene. The long-term trajectories of C accumulation in these maritime bogs seem to have been driven by a pervasive climatic influence on primary production at the regional scale especially during the late-Holocene. However, our data suggest that the climatic influence on C sequestration was mediated by complex interactions and potential feedbacks between water table levels and peat-forming processes.
Understanding the sensitivity of Holocene peatland C balance to climate is key to evaluate the future role of these ecosystems in the global C cycle. The St. Lawrence North Shore region has experienced important warming over the last decades (Hutchinson et al., 2009) . These ongoing climate changes may affect peatland hydrology, primary production, decomposition and fluxes of greenhouse gases (CO 2 and CH 4 ). The plateau bogs of Havre-St-Pierre are particularly vulnerable in this context because of their position at the boreal-subarctic ecotone where slight climate change may considerably transform the C sequestration function of these ecosystems. Interactions between C accumulation rates (CARs), water table depth (WTD) and peat humification (light transmission, LT) for Plaine and Lebel peat cores. Only the Sphagnum-dominated ombrotrophic sections are shown. The detailed plant macrofossil data for these cores are presented in .
